Two cell lines of Eucalyptus gunnii have been shown to keep their differential frost tolerance at the cellular level after longterm culture. They have been used to investigate the fluidity of specific cell membranes in relation with frost tolerance. Protoplasts and isolated vacuoles were obtained from both cell lines. In addition, purified plasma membrane and tonoplast (the vacuolar membrane) were separated from a crude microsomal fraction through free-flow electrophoresis. The lateral and rotational mobilities of lipids in these different membranes were studied by two biophysical techniques: fluorescence recovery after photobleaching (FRAP) and fluorescence polarization. After labeling the vacuoles isolated from the frost-sensitive cells with 1-oleoyl-2-(7-nitro-2,1,3-benzoxadiazol-4-yl)aminocaproyl phosphatidylcholine, a single mobile component was observed with a diffusion coefficient of 2.4 x 10-9 cm2 s-i and a mobile fraction close to 100% at a temperature of 23°C. When using isolated vacuoles from the frost tolerant line, a higher lateral diffusion of tonoplast lipids was found with a diffusion coefficient of 3.2 x 10'9 cm2 s-1, still with a mobile fraction close to 100%. No convincing data were obtained when performing fluorescence recovery after photobleaching experiments on protoplasts. Fluorescence polarization experiments confirmed the differential behavior of the two cell lines for tonoplast and also for plasma membrane. In addition, they showed that intrinsically tonoplast exhibited a higher fluidity than plasma membrane. Our results provide the first information on the fluidity of tonoplast and on the compared properties of two important plant membranestonoplast and plasma membrane-through the use of two complementary biophysical approaches. In addition, they suggest there is a correlation between membrane fluidity and cold tolerance. The potential interest of plant vacuole as a natural model system in membrane studies is emphasized.
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The importance of cellular membranes in the ability of plants to respond and adapt to low temperature is generally accepted. Freeze-thaw stress, in particular, could involve a dysfunctioning of enzymes and transport systems at the 'Supported in part by a grant from Association Foret-Cellulose to N.L. membrane level. For example, a total loss of membrane semipermeability and membrane rupture are well-documented responses of plant membranes at low temperatures (for review, see refs. 14, 22, and 35) .
Different data support a positive correlation between freezing tolerance and increasing membrane fluidity. These characteristics of biomembranes or membrane lipids have been detected by different biophysical methods, e.g. electron spin resonance (29) or fluorescence polarization (32) . In addition, in many studies, cold tolerance has been correlated with biochemical changes in membrane lipid composition; essentially an increased proportion of unsaturated lipids. Recently, more direct evidence for the role of lipid composition alteration in increased cryostability of the plasma membrane has been provided through the use of an elegant protoplastliposome fusion procedure (23) .
Despite the numerous data obtained in this area, the conclusions are still controversial and the attention has been focused on the possibility that the degree of insaturation of a particular lipid or a particular membrane is of crucial importance. The major problem in these correlation studies lies in the fact that the lipid fractions investigated were mostly extracted from whole cells or from microsomal fractions that include a variety of cellular membranes (35) . Until recently, this has been primarily due to the lack of methods to isolate sufficient quantities of pure specific membranes from plant tissues. However, it is obvious that meaningful changes in lipid properties can only be studied by using purified membrane preparations of interest.
Taking into account this criterion and using protoplasts or plasma membrane-purified fractions, some reports emphasize the potential role of the plasma membrane in cold tolerance (23, 30, 33) . Other data suggest that thylakoidal membranes are very sensitive to freezing (18) . Concerning the tonoplast, a specific membrane of the plant cell delimiting the vacuole, the results are still very limited and controversial. Thus, cytological observations related to the integrity of vacuoles during cold treatments suggest either lower sensitivity of tonoplast to cold injury in comparison to plasma membrane (16, 20) or, in contrast, a crucial role of the vacuolar membrane in cold adaptation (36 This paper presents the first data on the lateral and rotational mobilities of lipids in tonoplast. The results obtained show that tonoplast and plasma membrane fractions from the frost-tolerant cultivar exhibit increased fluidity compared with the normal cell line, indicating that the process of cell adaptation to cold had consequences on the organization of both membranes.
MATERIALS AND METHODS

Chemicals
DPH was purchased from Molecular Probes (Eugene, OR) and NBD-PC from Avanti Polar Lipids (Birmingham, AL). The purity of these compounds was checked by TLC. Cellulase (Caylase 345) and pectinase (Pectolyase Y23) were from Cayla (Toulouse, France) and Kiuki Yakult MGF Co. Ltd.
(Japan), respectively. DEAE-dextran and Ficoll 400 were purchased from Pharmacia (Uppsala, Sweden). Other chemicals were of analytical grade.
Plant Material
Cell suspension cultures of Eucalyptus gunnii, cell line 832 (frost tolerant) and cell line 867 (frost sensitive) were grown at 240C in darkness as previously described (24) . Five-to 7-d-old cells (exponential phase of growth) were used in all experiments.
2Abbreviations: FRAP, fluorescence recovery after photobleaching; D, diffusion coefficient; DPH, 1,6-diphenylhexatriene; HEDAF, 5-(N-hexadecanoyl)aminofluorescein; IDPase, inosine-5-diphosphatase; M, mobile fraction; NBD-PC, 1-oleoyl-2-(7-nitro-2,1,3-benzoxadiazol-4-yl)aminocaproyl phosphatidylcholine; p, polarization rate; TTC, 2,3,5-triphenyltetrazolium chloride.
Freezing Tests
Fifty milligrams of fresh filtered cells were suspended in 500 ,uL of Murashige and Skoog medium in 5-mL test tubes. Samples were immersed in a Lauda RKP cryostat and subjected to a cooling program of 10C each 20 min from +40C to -130C. Freezing was initiated at -1C by adding ice crystals. After the treatment, the samples were incubated at 40C for 1 h before estimating cell viability by TTC reduction (27) . Frost injury is expressed as the percentage of decrease in TTC reduction compared with the 40C control. Each experiment was carried out twice with three replicates.
Preparation and Fluorescence Labeling of Vacuoles
Protoplasts were isolated from Eucalyptus cell-suspension cultures by rapid degradation (1-2 h) of the cell wall using pectolytic and cellulolytic enzymes (24) . Vacuoles were obtained from these protoplasts following the procedure described for the isolation of sweet clover vacuoles (1) with minor modifications. The protoplasts (1.5-2 x 106 mL-1 in medium P: 0.6 M mannitol, 25 mM Mes-Tris, pH 6.5) were centrifuged for 30 min at 1900g through a gradient containing (from the bottom to the top): 2 mL of 18% Ficoll, 2 mL of 4% Ficoll containing dextran sulfate (5 mg mL-1), and 6 mL of 2.5% Ficoll containing DEAE-dextran (10 mg.mL-1). The components of these three phases were dissolved in medium P. The vacuoles were released by polybase-induced lysis of the plasma membrane through the solution containing DEAE-dextran. They were then passed through a layer containing dextran sulfate to neutralize any DEAE-dextran that might bind to the tonoplast and be harmful for the vacuoles. The vacuoles at the 4%/18% Ficoll interface were removed by suction with a Pasteur pipette.
The isolated vacuoles were labeled with the fluorescent lipid probe NBD-PC dissolved in ethanol for 5 min at a temperature of 200C (final probe concentration was 1 ,UM). The final concentration of the solvents did not exceed 1 % to avoid bursting the organelles. To remove the residual noninserted fluorescent probe molecules, the vacuole suspension (1 vol) was added to a Percoll medium (1 volume) containing 0.6 M mannitol, pH 6.5 (Mes), introduced into the bottom of a 12-mL centrifuge tube and covered with 2 mL of medium P. After 15-min centrifugation at 500g, the vacuoles which floated at the interface were harvested with a Pasteur pipette. A drop of the vacuole suspension was then placed between slide and coverslip for the FRAP experiments.
Preparation of Membrane Vesicles
Cells (10 g fresh weight) were homogenized in 10 mL of a medium containing 0.3 M sorbitol, 10 mi Mes, pH 5.5 (KOH), and 1 g of polyclar using a Moulinex blender (type 534). The homogenate was centrifuged at 1,000g for 5 min and the resulting supernatant fraction was kept on ice while the pellet was homogenized again in 10 mL of grinding medium. After a second centrifugation run, the supematant fractions (S1)
were combined and then centrifuged for 10 min at 3,000g.
The resulting supernatant (S2) was saved and the pellet was discarded. S2 was then centrifuged for 30 min at 45,000g and the supematant was discarded. The 45,000g pellet was resuspended in electrophoresis chamber buffer (see below) for free-flow electrophoresis and centrifuged for 30 min at 45,000g. The final pellet was again resuspended in electrophoresis chamber buffer to obtain the total microsomal membranes (protein concentration of about 2 mg. mL-'). Proteins were determined according to Smith et al. (21) Either the total microsomal membranes or the purified tonoplast and plasma membrane were labeled with the fluorescent probe DPH dissolved in dimethylformamide. The final probe concentration was 1 ,lM. It is important to note that these purified tonoplast and plasma membrane fractions were free of autofluorescence in the wavelength domain used for FRAP and fluorescence polarization experiments.
FRAP Experiments
Experiments were carried out under conditions of constant incident light intensity and of 'uniform disk illumination' using an apparatus based on a Leitz Ortholux II fluorescence microscope that has been described elsewhere (10) . First, the fluorescence intensity was recorded for a limited duration of photobleaching. This allowed us to control the extent of photobleaching and to determine its kinetic order. Fluorescence recovery was then monitored in 15 steps by repeating measurements of the fluorescence intensity over short intervals (3 ms) after periods in the dark varying from 0.2 to 3 s according to an arithmetic progression. D and the M values were obtained by double fitting of the experimental recovery data using a finite differentiation method and statistical analysis (10) . D (10) . At least 60 vacuoles were tested for each kind of experiment. The temperature of the experiments could be monitored from 40C to 400C using a temperature controlled (Peltier element) stage.
Fluorescence Polarization Experiments
Experiments were carried out with a T-format automatic apparatus of our fabrication connected to a microcomputer. The excitation channel consisted of a light source (mercury or xenon arc lamp), a shutter, a monochromator, and a rotating polarizer (Glan prism) polarizing the incident light altematively either vertically (fluorescence polarization measurement) or horizontally (determination of the relative sensitivity of the two detection systems). The detection system comprised two independent channels, one measuring the vertical (Iv) and the other measuring the horizontal component (IH) of the fluorescence emission simultaneously. Samples were placed in a closed and thermostatted housing system equipped with stirring and temperature monitoring (Peltier element) from 40C to 600C. A quartz optic was used allowing experiments to be carried out in the UV domain. Fluorescence polarization rate is given as p = (Iv -IH)/(Iv + IH). Temperature was controlled to within + 0.3 K, whereas polarization rates were determined to within ± 1% (relative values). The wavelengths used were 348 nm for excitation and 426 nm for emission.
RESULTS
Frost Tolerance of the Cell Suspensions Cell viability after incubation at different temperatures in a cryostat was studied for the two E. gunnii cell lines (Fig. 1) . In the two lines, the cells corresponding to the 40C controls were stable and we did not notice any decrease in viability over the storage period in the cryostat. After inducing freezing of the medium at -10C, viability of cells decreased progressively but at different rates depending on the cell line. Figure  2 . An identical pattern was obtained for membrane vesicles of the frost-sensitive cell line. These profiles were qualitatively reproducible and constant throughout electrophoresis.
In Table I , data are shown on the distribution of marker enzymes among the free-flow electrophoresis fractions, which were pooled into five fractions (A-E) following measurements of absorbance at 280 nm (Fig. 2) . The mitochondrial marker Cyt c oxidase, the ER marker NADPH-Cyt c reductase and the Golgi marker latent IDPase were concentrated in the center of the electrophoretic separation (fraction C). These enzyme activities were also partly recovered in fractions B and D. The plasma membrane marker, glucan synthase II, was located in fraction E and was at very low activity or absent from fractions A, B, C, and D. The pyrophosphatase activity, the tonoplast marker, was essentially found in fraction A and was very low or absent from fractions B, C, D, and E. In any event, neither the tonoplast (fraction A) nor the plasma membrane (fraction E) appeared to be crosscontaminated by each other. Both fractions exhibited a high degree of purity which is more than enough for biochemical and physical studies.
It is significant that regardless of the plant species studied (3, 17) , the technique of free-flow electrophoresis separates membranes by providing a major peak that contains the bulk of ER, mitochondria, and Golgi membranes, and a minor peak on either side. For all plant species, the most electronegative fraction (fraction A) consists of tonoplast and the least electronegative fraction (fraction E) consists of plasma membrane.
Lateral Diffusion of Fluorescent Probes in Vacuolar Membranes of Frost-Tolerant and -Sensitive Cell Lines
Membrane labeling with fluorescent probes is a critical step in FRAP experiments. The number of probe molecules that incorporate the membrane is to be kept within a certain range allowing the measurement of a fluorescence signal as intense as possible (high signal-to-noise ratio) but which remains proportional to the probe concentration within the membrane. Accordingly and after testing the influence of both probe concentration in the incubation medium and incubation time on probe insertion, efficient labeling of tonoplast was obtained when incubating the vacuoles for 5 min in the presence of NBD-PC at a final concentration of 1 juM. This corresponded to an estimated value for the probe concentration in the membrane of about 1 mol%, with respect to the lipids. A diffuse and homogeneous fluorescence was observed at the vacuole surface under the fluorescence microscope (data not shown). NBD-PC was not internalized in the aqueous compartment of the vacuoles. This can also be inferred from the fluorescence intensity profile shown in Figure 3 . It was obtained by measuring the fluorescence intensity from one vacuole as a function of the position of focus. The two planes of the tonoplast could be clearly identified (arrows), with a distance between the two peaks (vacuole diameter) of about 20 ,um. Table I . intensity originating from the medium was checked and found to be negligible (less than 10%) compared with that from the membranes under investigation. First, we measured the p of DPH, as a function of temperature, in the tonoplast and plasma membrane purified from frost-tolerant and -sensitive cells. Experiments were carried out in triplicate with distinct membrane samples. Figure 5 shows typical data obtained for one of these membrane preparations. Similar patterns (not shown) were obtained for the two other membrane samples. The p values recorded for DPH in these membranes were relatively high compared with those published elsewhere for this probe when embedded in various membrane systems (19) . Although the optical density of the membrane suspensions did not exceed 0.1 (Xexc = 348 nm), it was determined that dilution of the samples by a factor of 2 did not modify these values. This indicates that these high p values were not an artifact due to light scattering. For both tonoplast and plasma membrane fractions, no phase transition could be detected over the temperature range studied and p progressively decreased as the temperature increased, indicating an increase in membrane fluidity. At each temperature, DPH had lower polarization rates in the tonoplast and plasma membrane from frost tolerant cells when compared with those measured in the membranes obtained from frost-sensitive cells. For both cell lines at any temperature, the p of DPH was lower in the tonoplast than in the plasma membrane.
These experiments were also carried out with the total microsomal membranes obtained from both cell lines. It should be specified that the so-called microsomal fraction contains ER, mitochondria, Golgi, tonoplast, and plasmalemma membranes. As for the purified tonoplast and plasma membrane, no phase transition could be detected in these microsomal fractions over the temperature range (4-260C) investigated. Also for the mixed membranes, p progressively decreased with increasing temperature and, at each temperature, lower p values were measured in the membranes from the frost-tolerant cells than in the membranes from the frost sensitive ones (not shown). difference in lateral mobilities observed between different lipophilic probes led the authors to conclude that lipid domains exist in these membranes. Nevertheless, it should be remembered that for technical reasons (depth of focus of the objective used [6, 9, 15] or probe internalization [13] ), it is extremely difficult to assess that the fluorescence signal which is observed originates only from the plasma membrane. From another point of view, it has been shown that protoplast preparation through enzymic degradation of the cell wall, as usually done, can be damaging for the protoplast itself, either in terms of cell viability (8) or with respect to the structure of the plasma membrane (5) or its lipid composition (2) . In addition, production of activated oxygen in the form of superoxide radical 2-has been reported in the course of preparation of protoplasts from rice cells when using macerating enzymes (8) . The possibility of degradation of phospholipid-like probes (such as NBD-PC) by phospholipases (12) also should not be ignored.
In our preliminary experiments, protoplasts were prepared from the Eucalyptus cells under investigation and then submitted to FRAP experiments after labeling the plasma membrane with HEDAF or NBD-PC. Photobleaching of fluorescein is known to be a photooxidation process. The photobleaching rate of HEDAF was found to be about 10 times faster in these protoplasts than in any other membrane system, suggesting the presence of activated forms of oxygen. Accordingly, the extent of photobleaching was considerably reduced after addition of the antioxydant n-propylgallate (>1 mM) to the incubation medium. FRAP experiments appeared to be extremely difficult to carry out in such conditions and in any case, the observed fluorescence recoveries were not diffusional in nature. With NBD-PC, very rapid fluorescence recoveries were observed. They accounted for a very high lateral mobility of lipids in these protoplast plasma membranes (D = i0-7 cm2 s-'), two orders of magnitude faster than those usually encountered in biological membranes. In disagreement with previous reports, our data point out the difficult interpretation of FRAP experiments when performed on plasma membrane surrounding plant protoplasts. To avoid such drawbacks and to take advantage of our ability to prepare pure vacuoles, we preferred to investigate the behavior of the tonoplast.
FRAP experiments were carried out with the probe NBD-PC which has been shown to have most of the attributes of a phospholipid molecule (4) . Data shown in Table II Figure 5 , which clearly indicate that tonoplast from frost tolerant cells differed from tonoplast from frost-sensitive cells. The polarization rate p of DPH was lower in the tonoplast of frost resistant cells than in the tonoplast of frost sensitive cells and in both cases, p progressively and regularly decreased with increasing temperature, precluding the occurrence of lipid phase transition in these membranes, at least over the temperature range investigated. This conclusion correlates well with the existence of mobile fractions close to 100%, which also strongly suggests the absence of an immobilized lipid fraction in these membranes.
The fluorescence lifetime of DPH in these membranes was not measured, and in these conditions, changes in the polarization rate of the probe cannot be definitely related to changes in its rotational mobility and therefore in membrane fluidity. However, in many membrane systems, a decrease in the polarization rate of DPH has been shown to correlate with an increase in membrane fluidity as measured using other biophysical or biochemical techniques (28) . It is then interesting to note that, when comparing the vacuolar membranes from frost-tolerant and -sensitive cells, a positive correlation exists between the lateral motion of the phospholipid probe NBD-PC and polarization data: at a given temperature, the higher the lateral diffusion rate of NBD-PC and, therefore, the more fluid the membrane, the lower the p of DPH.
Such a correlation between fluorescence recovery and polarization data strongly suggests that the tonoplast can be considered as a 'bulk' in terms of lipid fluidity. This provides further support to the idea that the lipid phase is homogeneous in this membrane.
Fluorescence polarization data of Figure 5 also strongly suggest that the tonoplast and the plasma membrane purified from the two cell lines have different fluidity. The same conclusion is true for the total microsomal membranes. All these data converge to indicate that in frost-tolerant cells, membranes are more fluid than in sensitive cells. In the same way, experiments were also performed on frost sensitive cells after acclimation (N. Leborgne, unpublished data). In this case, cell viability in cold conditions was increased after progressive exposure of the cell suspensions to decreasing culture temperatures (180C, 130C, 80C) . In all the experiments concerning differently acclimated cells from the same genotype, a positive correlation was found between cell viability at low temperature and an increase in the fluidity of the microsomal membranes determined by fluorescence polarization. Altogether, these data strongly support the contention that cell membranes in Eucalyptus are implicated in the process of adaptation to cold conditions.
Published results dealing with the role of lipids in cold acclimation process are still controversial. Recent data (22) have confirmed the role of unsaturated lipid species in cold adaptation, but they imply a lipid contribution to membrane phase behavior rather than to membrane fluidity. In addition, there is not always strict correlation between freezing tolerance and membrane fluidity, and when an increase in membrane fluidity is observed, it does not necessarily correspond to changes in lipid composition. It seems that there is a general pattern of an increase in lipid to protein ratio with increasing freezing tolerance (35) . Indeed, cold acclimation has been shown to induce many biochemical changes with-in plant membranes, and we do not know to what extent these individual components alter the cryobehavior of the membranes.
The most widely accepted hypothesis for the mechanism of freezing damage to plant membranes has been proposed by Steponkus and Lynch (22) . The tenants of the hypothesis are based on the plasma membrane but they can be, at least in part, extended to the tonoplast. The hypothesis proposes that expansion-induced lysis of protoplasts may result from the deletion of plasma membrane material during freezeinduced osmotic contraction (endocytic vesiculation). In addition, dehydration may induce membrane ultrastructural changes, including lateral phase separation and lamellar to hexagonal-II phase transitions. Such changes could have a profound effect on the functioning of membrane-associated enzymes and transport systems (14) . An increased fluidity could increase membrane cryostability by maintaining lipid miscibility during dehydration and preventing demixing.
A conclusion that emerges from the present study is that, in these Eucalyptus cells, the tonoplast is more fluid than the plasma membrane. The same was suggested in etiolated mung bean (34) on the basis of biochemical analysis (higher lipid to sterol ratio in the tonoplast than in the plasma membrane [35] ). Our own results on the compared biochemical composition of plasma membrane and tonoplast from soybean hypocotyls confirm the higher sterol concentration of the plasma membrane (our unpublished results). In any case, the present paper provides the first demonstration, through biophysical approaches, of the differential fluidity of these two membranes.
In summary, our work supports the correlation previously observed between increased membrane fluidity and cold tolerance. In addition, it provides new information on the specific behavior of tonoplast and plasma membrane through the use of two complementary biophysical approaches. These two membranes exhibit a higher fluidity in the frost tolerant cell line and, in all conditions tested, the tonoplast appears to be more fluid than the plasma membrane. Careful determination of the biochemical constituents of these two membranes in normal conditions or during cold acclimation should help to understand the molecular causes of these differences in fluidity.
